Errors in genotype calling can have perverse effects on genetic analyses, confounding 16 association studies and obscuring rare variants. Analyses now routinely incorporate error rates to 17 control for spurious findings. However, reliable estimates of the error rate can be difficult to 18 obtain because of their variance between studies. Most studies also report only a single estimate 19 of the error rate even though genotypes can be miscalled in more than one way. Here, we report a 20 method for estimating the rates at which different types of genotyping errors occur at biallelic 21 loci using pedigree information. Our method identifies potential genotyping errors by exploiting 22 instances where the haplotypic phase has not been faithfully transmitted. The expected frequency 23 of inconsistent phase depends on the combination of genotypes in a pedigree and the probability 24 of miscalling each genotype. We develop a model that uses the differences in these frequencies 25 to estimate rates for different types of genotype error. Simulations show that our method 26 accurately estimates these error rates in a variety of scenarios. We apply this method to a dataset 27 from the whole-genome sequencing of owl monkeys (Aotus nancymaae) in three-generation 28 pedigrees. We find significant differences between estimates for different types of genotyping 29 error, with the most common being homozygous reference sites miscalled as heterozygous and 30 vice versa. The approach we describe is applicable to any set of genotypes where haplotypic 31 phase can reliably be called, and should prove useful in helping to control for false discoveries. 32
We apply our new method to a dataset of genotypes collected from the whole-genome 79 sequencing of a set of owl monkey (Aotus nancymaae) pedigrees (Thomas et al. 2018 ). Among 80 sites that could be phased with pedigree information, we found a significant difference in the 81 direction in which phase errors occurred. This departure forms the signal for estimating the rate 82 of genotyping error. Estimated error rates were significantly different among the genotypes, with 83 the most common error being a homozygous reference site miscalled as heterozygous. The 84 principles of our method can be applied to determine the rate of different types of genotyping 85 error in any dataset where phase errors can be identified. The expected number of phase violations for this genotypic combination can be written as
where Ay is a phase violation in the parent A haplotype block, with genotypic combination y and 182 |Ay| is the number of such violations across the genome. Here, y is the abbreviated phase-183 informative genotypic combination, listing abbreviated genotypes for the first four individuals as 184 ordered in x for Gx.
10
In pedigrees with five individuals there are 18 genotypic combinations that are phase-186 informative. 
Similarly, each violation can be paired with a case in which homozygous reference and 196 homozygous alternate genotypes are swapped. The expected frequency of violations has the 197 same form once these genotypes and error rates are swapped. For A0110, the matching violation is
Derivations of the expected frequencies for the remaining set of phase violations can be found in 200 the Supplemental Material (Appendix S1). across the genome, as ordered by row in Table 3 ; that is, = 210 〈| "$$" |, | "$$$ |, | "$$) |, ⋯ , | $"$$ |, | $"$" |〉. The number of observed sites that violate block B 211 is represented by , again as ordered in Table 3 . Let I be a vector of estimators for each type of Rows in MA and MB are identical for violations in phase A and phase B that share the same 217 expected frequencies (e.g. A0110 and B1010, described in the previous section). The violations in 218 Table 3 are ordered so that MA and MB can be related by an exchange matrix as
Coefficients from equations for each of the respective expected phase A violations (see 220 Supplemental Information) form the MA matrix:
Equation 4 is an overdetermined linear system-there are many more equations than rates 223 to be estimated. We can fit the model using a linear least squares approach, solving for I by Simulating phase violations 232 We tested the performance of our method on simulated genotype combinations at 233 biallelic sites from pedigrees as in Fig. 1a 
where aN is the Watterson correction factor
gn is the genotype of the nth-individual in the combination, and the conditional genotype to give a total count, nx,p, for each unique genotype and phase combination, x and p. 254 We added errors to these counts by iterating over the genotypes in each combination, x, 255 and drawing errors for the nx,p sites. Let the genotype be a vector, = {〈1,0,0〉, 〈0,1,0〉, 〈0,0,1〉}, 256 for the homozygous reference, heterozygous, and homozygous alternate genotypes respectively.
257
Given a set of error probabilities, *#+ , for each type of error as listed in Table 2 , the probability 258 of a genotypic transition can be written as • , where
For each genotype at each combination, the nx,p counts are divided by drawing from a for each combination of parameters tested. In the absence of genotyping errors, the frequency of 276 parental phases at informative sites is expected to be equal due to independent assortment.
277
However, genotyping errors cause apparent phase violations to occur at different frequencies 278 based on the genotypic combination of individuals in the pedigree. Figure 2a shows an example 279 of how the parental phase at detectable violations consistently varies from the balanced phases at 280 informative sites. The frequency of simulated genotypic combinations also reflects the neutral 281 site frequency spectrum (see Materials and Methods).
282
We assessed the accuracy of our error rate estimation in these simulations by calculating 283 the normalized root mean square deviation (NRMSD). The deviation between the estimators and 284 the simulated rate was normalized by the range of error rates as
where ε ‹OE• and ε ‹Ž• are the maximum and minimum error rates in each simulation.
286
There was little change to the estimators' normalized deviation with an increasing 287 number of segregating sites for simulated error rates drawn from either the log-normal or log-288 uniform distribution. The mean NRMSD for simulated rates drawn from the log-normal 289 distribution was slightly higher, ranging from 9.0% to 12.2%, than from rates drawn from the 290 log-uniform distribution, from 6.5% to 7.1%, for simulations with between 10 and 70 million 291 segregating sites (Fig. 2b) . These results indicate that our method of estimating error rates is 292 robust across populations with different levels of nucleotide diversity. 
higher at sites prone to sequencing or assembly errors. Similarly, we ignored the effects of gene 403 conversion and de novo mutation, as they are expected to occur at negligible rates compared to 404 genotyping error (Table 1) . Furthermore, the signal from a genotyping error and a gene 405 conversion event are nearly identical, though careful filtering and selection of sites have been 406 successful in identifying gene conversion events (e.g. Williams et al. 2015; Miller et al. 2016) .
407
Finally, we note that the estimated error rates are for genotyping from a set of called variants.
408
The heterozygote false positive rate, ε "#$ , for example, does not apply to invariant reference 409 sites.
410
As genomic data continues to accumulate, the consideration of genotyping errors will 411 remain an essential part of genetic analyses. Though we have focused mainly on whole-genome 412 sequence data, our approach is generally applicable to any collection of genotype data (e.g. SNP- Possible miscall: 0/1 Focal individual inherits the alternate allele from Parent A, giving a 50% chance of transmission to child, leading to apparent phase violation.
Parent B Observed genotype: 0/1 Possible miscall: 0/0 Implies more than one genotyping error across pedigree.
Possible miscall: 1/1 Not detectable as phase violation, as focal individual still inherits alternate allele from Parent B haplotype block.
Focal
Observed genotype: 0/1 Any miscall would imply more than one genotyping error.
Partner
Observed genotype: 0/1 Possible miscall: 1/1 Not detectable as phase violation, child still inherits alternate allele from Partner.
Possible miscall: 0/0 Implies more than one genotyping error across pedigree.
Child
Observed genotype: 1/1
Possible miscall: 0/0 True genotype 0 has been miscalled as 2. Each occurrence leads to this phase violation.
Possible miscall: 0/1 True genotype 1 has been miscalled as 2. There is a 50% chance the alternate allele was inherited from the focal individual, leading to apparent phase violation.
Parent A Observed genotype: 0/0 Possible miscall: 1/1 Focal individual inherits alternate allele from Parent A and transmits it to the child leading to apparent phase violation.
Possible miscall: 0/1 Focal individual inherits the alternate allele from Parent A, giving a 50% chance of transmission to child, leading to apparent phase violation.
Frequency: ½ $$)) • ε $#" + $$)) • ε )#" Parent B Observed genotype: 0/1 Possible miscall: 0/0 Implies more than one genotyping error across pedigree. Any miscall would imply more than one genotyping error.
Focal
Partner
Observed genotype: 0/0 Any miscall would imply more than one genotyping error.
Focal
Partner
Observed genotype: 0/1 Frequency: $ $)) • ε "#) + ½ $ $)) • ε $#)
Focal
Observed genotype: 0/1 Possible miscall: 0/0 Implies more than one genotyping error across pedigree.
Possible miscall: 1/1 True genotype 2 has been miscalled as 1. There is a 50% chance child inherits alternate allele from Parent A, leading to apparent phase violation.
Frequency: ½ $) )) • ε )#$
Partner
Observed genotype: 1/1 Possible miscall: 0/1 Not detectable as phase violation, child still inherits alternate allele from Partner.
Child
Observed genotype: 1/1 Possible miscall: 0/1 True genotype 1 has been miscalled as 2. Each occurrence leads to this phase violation.
Frequency: $)$) • ε $#) E[| $)$) |] = $"$)) • ε "#) + (½ $$$)) + $)$)$ ) • ε $#) + ½ $)))) • ε )#$ E[| $"$" |] = $)$"" • ε )#" + (½ $$$"" + $"$"$ ) • ε $#" + ½ $"""" • ε "#$ Expected: G12110; G12111 Observed: G12112 Parent A Observed genotype: 0/1 Possible miscall: 0/0 Not detectable as phase violation. Possible miscall: 1/1 Implies more than one genotyping error across pedigree.
Parent B
Possible miscall: 0/0 Focal individual inherits reference allele from Parent B and transmits it to the child leading to apparent phase violation.
Possible miscall: 0/1 Focal individual inherits the reference allele from Parent B, giving a 50% chance of transmission to child, leading to apparent phase violation.
Frequency: $ $$) • ε "#) + ½ $ $$) • ε $#)
Focal
Frequency: ½ $) $) • ε )#$
Partner
Child
Observed genotype: 1/1 Possible miscall: 0/0 Each occurrence leads to this phase violation.
Possible miscall: 0/1 True genotype 1 has been miscalled as 2. There is a 50% chance the alternate allele was inherited from the focal individual, leading to apparent phase violation. 
